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1.  SUiaiABY 


The  electrical  capaoitanoo' of  a  number  of  mibieotn  wearing  Jntiulating 
or  conductive  types  of  footwear  on  various  insulating  nr  conductive  floors 
have  been  measured.  The  values  range  from  150  -  300  UM  P  for  insulated 
conditions  to  700  -  15OOUPP  for  conducting  conditions.  The  efi'ective  sk.'n 
resistances  during  electrostatic  diucharges  from  the  hands  and  fi.-v;;er  tips  have 
been  determined;  also  several  measurements  have  been  made  under  low-voltage 
continuous-current  conditions.  The  values  of  rooictanco  determined  by  the 
dynamic  method  are  considerably  smaller  than  those  given  by  the  low-voltage 
method.  The  results  of  the  capacitance  and  lesistance  measuretiienis  are 
discussed  in  relation  to  the  electrostatic  hasai-d  of  handling  primary 
explonivoo,  and  to  a  possiblu  circ  it  equivalent  to  a  discharging  person. 


2.  IHTROa'CTION 


It  is  usually  considered  that  a  spark  from  a  human  is  equivalent  to  tiiat 
from  a  capacitor  of  about  400  jpf  discharging  tijough  a  rosictanoe  of  the  order 
of  100,000  ohms.  In  previous  reports  (1,2)  the  inoendivity  of  this  tjpe  of 
spark  has  been  ehovm  to  bo  comparable  with  those  used  in  sensitiveness  tests 
employing  a  conductive-rubber  base  electrode.  Continuation  of  this  work  (2) 
has  established  fairly  precise  values  for  the  minimum  capacitance  for 
ignition  of  the  more  important  primary  explosives  under  the  test  coiditions. 

The  usefulness  of  these  values,  and  confidence  in  them,  would  be  increased 
If  more  accurate  values  of  human  capacitance  were  known  for  a  variety  of 
conditions,  e.g.  type  of  footwear,  typo  of  floor,  proximity  to  large  earthed 
objects,  etc.  The  first  part  of  this  report  covers  ths  determination  of 
capacitance  under  such  conditions. 

Similarly  it  is  necessary  to  know  ths  effective  resistance  wnen  a 
discharge  takes  place  from  a  charged  person.  Qualitative  agreement  as 
rogai-ds  the  oharaotorislios  were  obtained  previously  (2)  for  tlie  discharge 
from  a  person  and  the  diecharge  via  conductive  rubber.  The  desirability  of 
moTS  precise  measurement  of  resistance  was  pointed  rut.  It  was  also 
deironstraiod  that  spark  splitting  could  be  obtained  in  Vth  casco.  However 
the  interval  between  individual  sparks  must  also  depend  on  the  effective 
resistance  under  discharge  conditions.  The  second  pan  of  the  report  deals 
with  these  aspects. 


3.  CAPACITAHCE  ilEASUREKEHTS 


Previous  estimates  of  the  capacitance  of  persons  liave  usually  been 
obtained  by  charge-sharing  with  a  good  quality  capacitor.  However,  neither 
this  method,  nor  one  using  a  capacitance  bridge,  is  suitable  where  there 
is  appreciable  leakage  to  earth,  particularly  if  the  leakage  weeistanee  is 
dependent  on  the  applied  voltage  (3).  A  dynamic  method  is  needed  so  that 
the  offoctivo  capacitance  oar.  be  detemined  under  discuarge  conditions,  and 
an  oscillographic  technique  '"as  adopted. 

3.1  Experimental 

The  basic  circuit  is  shown  in  Fig.  1.  Ths  person  whose  capacitance 
v/as  being  measured  stood  on  the  iype  of  floor  atiU  wore  tne  type  of  shoes 
under  investigation.  He  held  in  one  hand  a  brass  rod  electrode,  1  inch 
dif meter  and  4  inches  in  length.  This  rod  was  connected  to  the  anode  of 

/a . 
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a  small  thj'ra^  on  CV401-3  through  a  knovm  laHistor  The  anode  was 

maintained  nomaily  at  a  potential  of  360  volts,  via  a  resistor  Rjj^  connected 

to  the  4.T.  line  of  a  R.A.R.C.B.  iik,  IIB  oscilloscope.  The  hand  electrode 
was  also  connected  dirootiy  to  one  of  the  Y  plates  of  the  oscilloscope,  the 
other  plate  being  earthed.  On  closing  switch  S,  the  tbyratron  is  fired 
simultaneously  with  tho  time  base,  and  the  hand  electrode,  together  with  the 
ptrson  holding  It,  discharges  through  Ryj.  The  rate  of  discharge  is 

determined  from  the  oscillogram  in  aocor.t>>r.cc  uitb  the  relationship 


R  X  2.303  log,Q  (vyvp 


where  C 


oapaoitanor-  in  farads. 


R  •  Ryy  in  ohms, 

»  initial  potential  at  the  hand  electrode. 

-  potential  at  the  hand  electrode  after  time  t  seconds. 

The  values  of  C  obtai..6d  in  this  way  also  include  the  capacitance  of  the  Y 
plate  and  the  ooraieotion  to  it.  This  capacitance  was  found  in  a  separate 
teat  to  be  20mpP,  and  this  correction  was  subtracted  from  the  above  values 
of  C  to  give  the  capacitances  quoted.  The  value  of  was  chosen  to  be  at 

least  20  times  that  of  the  skin  in  contact  with  the  brass  rod  as  deooribed 
in  Section  4.2,  so  that  the  actual  value  of  the  ekin  resistance,  including 
the  inevitable  variations,  could  be  neglected.  In  addition  the  value  of  Rjjpj, 

had  to  be  selected  so  that  no  appreciable  recharging  of  the  anode  circuit  took 
place  during  the  recording  of  the  trace  it./tal  times  usually  between  30  E.cd 
100  microseconds).  A  fu.'ther  res..8tance  value  had  to  bo  considered  in  chose 
in3ta.”ces  .fher"  there  was  appreciable  leakage  to  earth  (i.e.  for  the  conductive 
ehoes/oonduotive  flooring  combinations).  This  resistance  was  effectively 
a  shunt  or  parallel  discharge  path  to  that  through  In  practice,  therefore, 

tti«  following  resistances  control  the  potential  at  the  hand  electrode) 


(a)  Rjjj  controls  the  rate  of  charging  of  the  system, 

(b)  Ryy  controls  the  rate  of  discharge  (for  most  of  the  tests  R-y  »  40  kO), 
(o)  Rg,  in  senes  with  Ryy  in  the  discharge  circuit, 

(d)  Rp  the  resistance  through  the  feet  to  earth,  and  therefore  a 
parallel  discharge  circuit  to  Ry.  in  sfciies  with  Rg. 


So  that  Ryy  can  be  used  in  the  calculation  for  C  with  the  minimum  error,  tha 

«  Rp  and 

Ryy  «  Rjym*  With  values  of  Rp  loss  than  about  2  megohms  the  360  volt  h.t. 
supply  was  insufficient  to  maintain  a  suitable  potential,  V,  on  the  subject 


values  of  all  resistances  must  be  selected  so  that  « 

9 
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In  order  to  toaintain  V  at  about  yjO  volts,  an  external  soiirce  of  JCO  -  800 
volte  was  used  in  conjunction  with  a  reduction  in  the  valuo  of  Rjj^  from  about 

5  megohms  to  1  aegolim.  This  low  value  of  increased  the  recharging  rate, 

but  equrtion  1  was  still  sufficiently  valid  if  the  first  10  nicroseconas  of 
tho  trace  were  used  for  the  calculation.  Figure  Z  snows  sketches  of 
typical  oscillograr.s  for  ''ir.oulating"  and  "conducting"  conditions,  the  latter 
illustrating  a  longer  dischar/y-  wi+h  some  evidence  of  recharging. 

Tlio  spread  of  results  when  several  tests  were  made  indicates  that,  whei'o 
contact  conditions  can  be  sotisfa.torily  reproduced,  tho  accuracy  of  tho 
method  is  batter  than  -  10  per  cent.  Tests  wi|h  known  capacitors,  which  did 
not  involve  Rg  and  Rp,  gave  valueo  accurate  to  -  3  per  cent, 

1. '  Effect  of  Size  of  Footwear  and  Size  of  Peraon 

It  v;eo  desirable  to  determine  the  effect  of  size  of  footwear  in  case  it 
masked  some  of  the  effects  due  to  variations  in  type  of  footwear  and  floor. 
Tests  wore  confined  to  one  floor,  linoleum  on  gritless  asphalt,  using  the 
name  type  of  footwear,  antistatic  half-VJollicgtons,  for  each  person.  This 
ensured  a  reasonable  degree  of  reproduc.oility.  Tne  results  are  sncwn  in 
Table  1. 


TABLE  1 

Effect  of  Size  of  Footwear  on  Capacitance  of  Ferson 
Standing  on  Linoleum  Floor 


Size  of  Half-Wollington 

Capacitance,  ppP 

6 

1(50 

7 

175 

8 

180 

9 

'90 

10 

100 

11 

200 

As  expected,  increasing  the  size  of  half-Wellington,  i.e.  increasing  tho 
area  in  contact  with  the  floor,  raised  the  capacitance.  Thus  a  person 
wea/ing  size  11  has  a  capacitance  about  25  per  cent  greater  than  one  wearing 
size  6.  This  is  not  a  large  increase  and  tho  diff stance  in  sole  and  heel 
areas  Ir.  contact  with  the  floor  can  account  entirely  for  it.  The  size  of  the 
wearer  would  also  have  a  amall  effect,  and  to  diiferentiatb  between  these 
factors  or.j  would  have  to  test,  say,  a  group  of  men  of  diff6rii.g.  .w.'ights  all 
wearing  the  same  size  snoea. 

3.3  Effect  of  Type  of  Footwear  and  TriHoe  of  Floor 

The  effect  of  type  of  footwear  and  tho  type  of  floor  v/as  determineo  by 
carrying  out  tests  on  two  subjects  wearing  size  8  and  size  9  shoes  respocM  a  y 
The  results  are  summarised  in  Table  2  (p,  4),  from  which  the  follov/ing 
Cuncluulunb  111  \y  Lu  drawn. 


/table  2 


-  3  ~ 
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3.3.1  The  degree  of  conduction  of  tho  footwear,  and  in  pa-rticulnr  of 
the  floor  material,  exorta  a  marked  influence  on  tho  capaoitanoo.  For 
oxa.3plo,  a  poraon  wearing  size  8  ohoos  having  insulating  rubber  composition 
coli-s  has  a  capacitance  of  150  unP  on  a  floor  of  gritloss  asphalt  covered 
v,'ith  linoleum,  and  one  of  300  ppP  on  a  floor  of  conductive  ruboor.  Tho 
capaoitanoo  of  tho  came  person  woa-ing  conductive  rubber  shoes  varies  from 
160  (i/iF  Oil  vr.s  lifi'"i4ar.i  to  about  1^00  ppP  on  a  conductive  rubber  floor  or  a 
copper  shoot  connected  to  oarih.  It  will  be  seen  that  the  ruobor  shoes, 
whether  insulating,  antistatic,  or  conductive  gave  solf-consistont  results  for 
the  two  persons.  Tests  with  loatujr-soled  shoes  showed  them  to  bo  quite 
variable.  Since  their  resistance  depends  largely  on  absorbed  moisture  and 
salts,  the  range  of  values  of  resistance  noted  on  maiy  occasions  is 
reflected  also  in  these  capaoitaneo  measurements.  The  table  shows  values 
for  leather  spanning  the  whole  range  of  those  for  <nsulating  and  conductive 
footwear,  the  former  px-edominating.  Those  new  results  confirm  tho 
undesirability  of  using  leather-soled  shoos  for  antistatic  purposes,  vnough 
of  course  ii  this  respect  they  are  cotter  than  shoos  with  soles  of  ordinary 
rubber  or  of  composition. 

3.3.';  Tho  proximity  of  large  earthed  objects  has  little  effect.  For 
tfAuiupie,  lit  ci.inbinition  of  i-uboai'  co.iiposition  solos  ana  linoleum  gives  a 
capacitance  of  I50  ."uP  in  tho  open  laboratory  as  noted  in  Section  3.3.1,  and 
l60fipp  when  stmiing  close  to  a  large  steel  cupboard  connected  to  earth. 

If  the  person  is  wearing  conductive  footwear  those  values  may  be  increased 
to  160  PhP  and  2hO/i(iF  respectively. 

3.3.3  A  combination  of  footwear  and  floor  having  a  total  resistance 
greater  than  1000  megohms,  and  therefore  quite  unsafe  electrostatically,  gives 
values  for  dynamic  capacitances  in  tho  range  of  15O  to  300  pfiP,  this  being 
the  lov/er  group  of  values  as  determined  by  the  charge-sharing  method. 
Combination  of  antistatic  or  conductive  footwear  with  conductive  floor 
(conduotivQ  rubbir  or  a  metal  shoot)  i.o.  total  resistance  loss  than  10  megohms, 
and  therefore  rogar.'ed  as  offering  pvoteotion  from  eloctrostatio  hazard,  gives 
values  of  700  to  I5OO  hhP. 

However,  an  antistatic  floor,  though  complying  with  the  resistance 
requirements  using  metal  electrodes  as  in  B.S.<!050,  showed  leakage  resistances 
through  persons  in  conductive  footv/ear  as  high  as  1000  megohms,  a.nd  gave  a 
capacitance  of  about  400  phP  with  conductive  footwear.  This  was  a  floor  on 
which  such  a  combination  gave  an  electrostatic  potential  of  60  volts  on 
sliding  tho  foot  (3). 

A  galvanised  iron  grid  (shoe  scraper)  which  has  been  used  in  this 
laboratory  as  a  localised  source  of  leakage  to  earth  provided  a  capaoitanoo  of 
4CX)  to  900  upiF  with  conductive  footwear.  These  lower  values  for  conducting 
conditions  as  compared  with  tho  700  to  15OO  jihl’  range  quoted  above  are  due 
to  the  smaller  areas  of  contact  than  with  flat  surfaces.  The  small  contact 
area  gives  high  local  pressures,  and  consequently  comparatively  low  resistance 
paths,  thus  offering  dual  advantages  from  the  electrostatic  point  of  viev/. 

3.3.4  Of  two  typical  outdoor  sux’faces,  concrete  v/hen  dry  showed 
capaoitanoo  of  14O  -  205  WF  with  ordinary  rubber  shoes  and  290  with 
conductive  rubber  shoes.  Hosistanoe  tests  on  a  I’olatively  dry  and  clean 
indoor  concrete  surface  gave  leakage  resistance  of  6  to  12  megohms  with  the 
conductive  shoos.  Hosistanoes  v,i 'h  these  shoos  on  dry  asphalt  v/ere,  however, 
greater  than  1000  mogohnis,  so  that  asphalt  must  bo  grouped  with  other  unsafe 
surfaces.  Concioto  on  the  other  haivi  appears  to  be  relatively  safe. 
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4.  MEASUREMENTS  OP  SKIN  RESISTAttCE 


Skin  resistance  can  be  measured  in  t'.vo  v/ays  (a)  by  a  contimwus-current 
method,  or  (b)  by  a  dynamic  method,  i.o.  using  an  oscillographic  tecJir.ique  to 
follow  a  discharge.  The  second  method  is  particularly  valuable  as  it  enables 
resistances  to  bo  measured  at  potentials  and  currents  which  would  bo  fatal 
under  the  conditions  of  the  first  method.  The  primary  interest  is  the 
rcoistanoo  of  the  tip  of  the  finger  since  this  is  the  point  at  which  a  disoharg 
usually  takes  place. 

4*1  Continuous-Current  Measurements 


These  were  carried  out  very  simply  v/ith  a  battery  and  mioroammeter. 

The  left  forefinger  of  each  subject  was  placed  in  contact  with  a  circular 
piece  o“  brass,  0.8  cue  in  area,  and  the  right  hand,  moistened  with  potassium 
chloride  solution,  was  pressed  on  to  a  brass  plate  of  area  larger  than  chat 
of  the  hand.  In  this  way  !ho  effect  of  added  resistance  of  the  right  hand 
was  minimised,  and  the  resistance  measured  could  be  regarded  as  that  of  the 
left  forefinger  tip.  Table  3  shov/s  the  results,  tests  being  carried  out  at 
70°P  and  about  40  per  cent  r-h.  A  maximum  current  of  1  mA.  was  used. 

Values  much  in  excess  of  this  are  uncomfortable  (4). 

TABI.E  3 


Finger-Tip  Resistances  of  a  Number  of  Subjects  at  Diffsrent 
Applied  Potentials  (Continuous-Current  Method) 


Subject 

No. 

Resistance  (x  lOOOfi)  Measured  with 
Applied  Potential i 

12  V 

24  V 

36  V 

48  V 

60  V 

1 

240 

225 

180 

96 

60 

2 

400 

340 

- 

320 

210 

3 

1200 

400 

- 

150 

68 

4 

400 

270 

- 

160 

- 

5 

150 

80 

45 

- 

- 

6 

150 

27 

- 

- 

- 

7 

300 

240 

90 

48 

- 

The  values  should  ho  regarded  as  typical  and  not  absolute  for  the  following 
reasons.  Though  the  skin  was  in  every  case  in  a  "normally"  dry  condition 
for  that  person,  subsidiary  tests  showed  that,  if  the  person  had  just  v/ashed 
his  hands,  the  resistance  observed  could  be  lower  by  a  factor  of  about  2  for 
those  with  normally  moist  skin,  and  by  a  factor  of  about  10  for  thoso  vvith 
naiuraliy  dry  skin.  Minor  differences  v/ere  also  observed  according  to  the 
thickness  of  the  skin  at  tho  porson*E  finger-tip.  The  application  of  barrier 
creams,  Rozalex  Nos.  1,  2,  4,  5>  8  and  10,  decreased  the  resistance  by  about 
25  per  cent,  while  the  presence  of  dirt  tended  to  increase  the  resistance. 

From  Table  3,  it  v/ill  bo  seen  that  Ohm's  Law  is  not  obeyed.  The  values, 
over  tho  range  wiisra  tho  current,  I,  ii  grealor  i'ahn  100  uU,  can  be  reprosonted  b 
a  relationship  of  tho  form 


R  u  AI"^ 
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whore  X  ■>  0.7j  and  A  io  a  constant  depending  on  the  personal  obaraoteristios 
of  the  skin.  Similar  results  nav<’  been  quoted  by  Ihierson  (5). 

Those  deviations  from  Ohm's  Law  have  considerable  importance  In  relation 
to  the  eleotric-maJjas-shock  hazard.  However  this  aspect  can  be  discussed 
more  profitably  after  the  high  voltage  meaearemonts  have  been  considered  (see 
next  section  and  Section  fi). 

"'able  4  shows  the  skin  resistance  measured  at  5®  volts  for  'cho  following 
conditions,  the  hand  being  in  a  "normally''  dry  state  for  each  tests 

(a)  the  left  hand,  holding  the  brass  rod  electrode  1  inch  diicseter 
4  inches  long,  with  an  effootivo  contact  area  of  20  cs?, 

(h)  the  tip  of  tho  left  forefinger  touching  a  circular  brasc  electrode 
with  an  effective  contact  avoa  of  about  0.8  cm^ 

(o)  tho  tip  of  the  left  forefinger  pressing  on  to  a  gramop'none  neeuj.e 
contact  v/ith  moderate  pressure, 

(d)  tho  cams  as  in  (o)  with  ligl.»  press-"'-. 

Tile  terms  "moderate"  and  "light"  contact  have  to  'oo  interpreted  ratiior  broadly, 
the  former  c.on-ooponding  to  a  pressure  just  less  than  would  pierce  tho  outer 
skin.  Tho  right  hand  was  "connected"  to  the  circuit  as  before. 

TABLE  4 

liosiatancQS  in  Ohms  at  Hand  and  Finger-Tip  Electrodes 
Measured  at  “iO  Volts 


Subject 

Ho. 

Hand, 

Area  20  cm? 

Finger -Tip, 
Area  0.8  ctri; 

Hoodie  Point 

________ 

Light  Contact 

1 

7  jc  10* 

25  X  10^ 

1  X  10® 

5 

X  10* 

2 

8  X  10* 

15  X  lO"* 

0.7  X  10® 

2 

7.  10® 

3 

7  X  10* 

4  X  10“' 

<  0.1  X  10* 

0.1 

X  10® 

4 

10  X  10* 

22  X  lo" 

1  X  10® 

2 

X  10® 

5 

5  X  10* 

5  X  lO”* 

0.5  X  10® 

5 

X  10® 

A  value  of  4000  olimo  has  been  given  (6)  for  the  resistance  'oetween  two  hands 
at  4  volts. 


4.2  Br^namic-Resistance  Measurements 


Resistance  values  occurring  during  actual  discharges  from  tho  left  hand 
of  a  number  of  subjects  were  measured  by  a  simple  development  of  the  method 
used  for  determining  capacitancs.  The  resistance  was  omitted  from  the 

circuit  so  that  the  fall  of  potential  on  the  body  vms  controlled  only  by  the 
effective  skin  resistance,  and  the  capacitance  of  the  person  as  determined 
in  Section  3-  Where  low  skin  resistances  appeared  it  was  convonivnt  to  t,dd 
a  further  capacitance  of  500  ppP  in  parallel  via  another  brass  rod  oleotrode 
held  in  the  right  hand  (see  Fig.  3).  As  before,  this  hand  was  moistened 
with  potassium  chloride  solution  to  minimise  tho  effects  of  skin  resistance 

/bo tween  . 
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between  it  and  the  braso  rod,  since  it  was  at  this  point  that  the  potential 
was  indicated  by  the  oscilloscope*  A  test  shov/ed  that  the  time  constant 

of  this  part  of  the  circuit  was  of  the  order  of  20  nanoseconds,  indicating 
that  the  body  potential  vras  followed  closely  by  this  rod  electrode. 

The  results,  shown  in  Table  5  were  determined  throughout  from  the 
oscillograms  at  points  corresponding  to  approximately  200  volts,  for  the  same 
hand  conditions  as  described  in  Section  4*i* 

TABLE  I 

Bvnamic  Resistances  at  the  Hand  and  Finger-Tins  of 
Various  Subjects.  Ih  Ohms 


Subject 

No. 

Hand, 

Area  20  enS 

Finger-Tip, 
Area  0.8  ctA 

Needle  Point 

Moderate  Contact 

Light  Contact 

1 

430 

1900 

4.“'  X  IO* 

6.7  X  10® 

2 

550 

1400 

7.4  X  10* 

6.5  X  10® 

3 

590 

1500 

6.J  X  10* 

2.2  X  10® 

4 

340 

4400 

2.1  X  10* 

4.4  X  10® 

5 

490 

1900 

J.2  X  10< 

0.8  X  10® 

The  very  low  resistances  recorded  in  the  second  column  v/ore  calculated 
from  almost  purely  exponential  oscillograms,  showing  only  minor  increases  in 
resistance  as  the  potential  dropped  from  about  200  to  $0  vo^ts.  This  is 
in  contrast  to  vaiuos  cf  5>000  to  10,000  ohms  at  JO  volts  when  measured  as  in 
Section  /).1  (Table  4).  Since  these  low  rosictanoes  might  bo  e.xpected  to  be 
near  the  value  corresponding  to  critical  damping  of  the  circuit,  depending 
on  its  self-inductance,  it  v/as  thought  that  the  oscillograms  may  commence  as 
a  single  oscillation  and  become  exponential  as  the  resistance  increased.  An 
equivalent  circuit  was  therefore  made  up  from  a  cei'amic  capacitor  discharging 
through  a  JOO-ohm  carhon  roeistor.  This  gave  similar  osoillugrams  to  those 
found  for  column  2,  and  in  fact  oscillations  were  observed  only  v;hen  the  value 
of  tho  carbon  resistor  was  less  than  JO  ohms,  showing  that  the  effect  of  self- 
inductance  of  tho  circuit  was  negligible  (compare  the  results  given  in 
E.R.B.E.  Heporl  .No.  4/k/56  (7). 

Tho  values  of  resistance  given  in  column  3  are  again  lovrer  than  would  be 
expected  from  measurements  of  the  tyjii  described  in  Section  4*'l  (Tables  3  and 
4).  The  oscillograms  show  that  tho  resistance  rose  from  the  values  given  at 
a  potential  of  200  volts,  to  about  5|O0O  ohms  at  JO  volts  i.e.  Olim's  Law  was 
not  obeyed. 

4_.3  Effect  of  Type  of  Socks  on  Capacitance  and  Leakage  Resistance 

It  was  found  that  within  2  minutes  of  putting  on  thin  nylon  socks  and 
conductive  shoes,  the  resistance  to  earth  from  the  hand  through  the  footwear 
and  a  conductive  rubber  floor  was  about  J00,000  ohms.  The  corresponding 
capacitance  v;as  about  65O  to  800  WP.  (This  degree  of  conduction  was  also 
achieved  within  2  minutes  in  the  case  of  a  lady  wearing  nylon  stockings  with 
size  4  conductive  shoes). 

The  sairie  tests  when  repeated  with  the  same  male  subject  and  shoos  but 
v/earing  thick  woollen  socks,  showed  resistances  of  30  megohms  after  2  j.iinutos, 

/ and  ..... 
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and  0.6  megohm  after  45  minutoo.  The  corresponding  capacitances  were 
640  (jpP  and  1350jifiP  respectively.  It  appears,  therefore,  that  with  thin 
nylon  socks  which  are  non-ahsorbent,  conduction  is  established  almost 
immediately.  On  the  other  hand,  thick  woollen  socks  require  several  minutes 
before  absorbing  sufficient  moisture  to  establish  conduction.  This  process 
is  accompanied  by  an  increase  in  the  effective  capacitance. 


5.  DISCUSSION  OF  HESUli-IS  AMB  THSIR  ISIATION  TO  ELECTROSTATIC  HAZARDS  WITH 
PRIMARY  EXPLOSIVES 


The  values  obtained  in  this  report  for  human  capacitances  and  resistances 
oar.  now  bo  discussed  in  relation  to  the  oloctrostatio  hazard  in  handlir.g 
loose  primary  explosives.  Under  the  conditions  employed  in  the  conductive- 
rubber  base  electrode  method  of  spark-ignition  test  it  has  been  shown  that 
load  azide  (greater  than  97  per  cent  purity),  mercury  fulminate,  and  silver 
azide  could  only  be  ignited  if  the  capacitor  used  in  the  test  exceeded  400, 

450,  Jind  500  ddP  respectively.  Table  2  shows  that  these  values  are  exceeded 
only  where  there  is  adequate  leakage  to  earth  through  footwear  and  floor. 

If  fully  insulating  conditions  were  present,  as  would  be  the  case  with  shoos 
having  ordinary  rubber  or  synthetic  sol-j,  or.  a  linol6u.m  or  ordinary  rubber 
floor,  the  effective  capacitance  i.e.  I50  to  I70  NNP  is  appreciably  less  than 
the  minimum  capacitance  for  igi>itions  for  those  compounds  quoted  above. 

However  it  would  not  be  safe  to  ha.ndlo  these  compounds  under  such  conditions 
for  two  reasons.  Firstly,  if  the  person  is  holding  some  object  which  itself 
has  a  capacitance  of  seveiul  hundred  mioromicrofarads,  the  total  effective 
capacitance  at  the  time  of  discharge  could  exceed  the  minimum  capacitances 
quoted  above.  Secondly,  it  is  known  that  lead  and  silver  azides  can  be 
ignited  by  a  contact  tyi)e  of  discharge  between  two  metals,  for  wijich  the  minimum 
capacitance  for  ignition  is  much  less  than  the  effective  capacitance  of  the 
person  handling  them.  Lead  azide,  for  example,  can  be  ignited  with  capacitances 
as  low  as  30  fifiP  with  no  added  resistance  (2).  The  potential  required  for 
ignition  is  also  not  more  than  a  few  hundred  volts,  so  that  footwear  and  flooring 
must  both  bo  conductive. 

With  the  more  sensitive  explosives,  e.g.  lead  styphnate  and  L.D.N.R.,  the 
minimum  capacitances  for  ignition  are  20  and  40  respectively.  All 
combinations  of  footwear  and  floor  give  capaoitaflces  exceeding  these  values, 
and  thus  it  is  essential  that  they  are  both  of  conductive  grade. 

The  overall  picture  can  be  shown  more  strikingly  if  the  effective 
capacitances,  and  possible  electrostatic  potentials  as  detenained  previously  (3) 
are  utilised  to  calculate  the  energy  available,  as  in  Table  6  (p.-10). 


/table  6 
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TABLE  6 

Capacltaneos,  Potantialo,  and  Enor>;iea  due  to  Foot 
Movements  of  Porsons  jn  Inaulating  and  Conductive 
Footwear  on  Insulating  and  Conductive  Flooi'lng 


Footwear 

Floor 

Capacitance, 
C,  nil? 

Potential,  V, 
Volts,  on 
Foot  Sliding 

Leakage 
Resistance, 
R,  Megohms 

Enerf-y, 
i  CV,  orgs 

Corapoaition 

Linoleum 

150 

>  1,000» 

>1,000 

>  750 

Composition 

Cond.  rubber 

200 

>  1 ,000* 

>  1,000 

>  1,COO 

a/s  rubber 

a/s  rubber 

425 

0 

0 

500  to  1,000 

21 

Cond.  lubber 

Linoleum 

160 

200K 

>  1,000 

32 

Cond.  rubber 

a/s  rubber 

405 

60 

1,000 

7 

Cond.  rubber 

Dry  concrete 

290 

20* 

6  to  12 

0.6 

Cond.  rubber 

Cond.  rubber 

1,450 

2  to  !0 

G*0j  vO  0*7 

Motes  These  testa  v/ere  all  carried  out  at  approximately  40  per  cent  r.h. 


^Additional  measurements  not  included  i)i  E.M.D.E.  Report 
No.  22/R/60  (3) 

a/s  o  Antistatic 
Cond  o  Conducting 

The  potentials  acquired  when  the  leakage  paths  are  greater  than  1 ,000 
megohms  are  very  dependent  on  several  factors,  including  relative  humidity  and 
cleanliness.  However, potentials  shove  1,000  volts  can  frequently  he  obtained. 
Sliding  off  a  stool  produces  even  larger  potentials  (3).  Table  6  shows  that 
with  the  larger  capacitances  the  electrostatic  potential  is  so  small  that 
the  resultant  energy  is  a  fraction  of  an  erg.  Consequently  the  all-conducting 
state,  despite  the  larger  effective  capacitance,  is  safa  electrostatically. 

The  new  values  of  skin  resistance  as  dotexmined  under  discharge  conditions 
have  a  hearing  on  the  frequency  of  spark  splitting,  on  the  energy  dissipated 
from  a  charged  person,  and  on  the  validity  of  liio  conducting-rubber  base  method 
of  ignition  testing. 

The  dynamic  resistance  values  at  200  volts  for  finger-tip  contact,  and 
a  hand  clasping  a  1-inch  diameter  rod,  are  about  2,000  ohms  and  JOO  ohms 
respectively.  This  means  that  a  conductive  metal  object  held  in  the  hand  of 
a  charged  person  is  recharged  in  a  fev/  microseconds,  and  this  is  capable 
of  giving  rise  to  a  succession  of  sparks  to  earth,  the  interval  betv/een  them 
depending  on  the  rate  of  approach.  This  was  illustrated  previously  (2). 

For  the  case  of  a  gaseous  spark  jumping  from  ths  finger  of  a  charged  person, 
then  the  operative  resistance  is  .’core  likely  to  be  in  the  rajige  found*  for 
needle-point  contacts,  i.e.  say,  50,000  to  500,000  ohms,  depending  on  the 
pressure  exerted  by  the  finger  on  the  needle.  Measurements  of  the  operative 
resistance  in  the  conducting-rubber  base  method  of  ignition  testiiig  gave  a 
value  of  100,000  to  250,000  ohms  depending  on  the  potential  (2).  Th’JS  the 
resistances  in  practice  and  in  the  test  are  very  similar.  Moreover,  it 
was  established  (7)  that  the  proportion  of  energy  appearing  in  a  spark  gap 
is  indopoiidont  of  the  circuit  resistance  ’.'Jkoro  this  is  between  2,000  olims 
and  3  megohms.  Consequently,  if  the  operating  resistance  was  considerably 

/lower  . 
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lower,  as  in  the  finger- tip  case,  the  ooniuoting-rubher  base  nothod  is  not 
invalidated,  since  the  fast  carried  out  with  an  effective  resistance  of 
2,000  ohms  should  give  similar  results  to  tbs  norraal  ones  of  100,000  to 
250,000  ohms.  This  has  recently  been  confirmed  for  the  ignition  of  lead 
azide. 

It  would  be  very  useful  if  a  circuit  equivalent  to  a  human  could  be 
designed,  so  that,  by  simple  change  of  some  of  the  capacitors  and  resistors, 
all  the  possible  vai-iations  of  environment  and  footwear  could  bo  simulated. 
Various  attempts  wore  mado  to  devisa  a  circuit  consisting  of  t-ro  capacitors 
in  parallel  and  one  in  series  with  various  leak  resistors,  but  difficulties 
arose  over  physical  representation  and  some  of  the  nuiiorioal  values.  On 
the  other  hand,  it  is  comparatively  easy  to  design  a  circuit  consisting 
basically  of  a  capacitor  of,  say,  ISOppP  being  fed  from  a  larger  one  so 
that  the  charge  on  the  former  is  maintained  over  a  longer  period  of  time, 
end  thus  appearing  to  give  a  discharge  from  an  apparently  larger  oanaoitor. 

A  capacitance  measurement  using  a  brass  foil  electrode  inside  the  sook  of  a 
person  wearing  conductive  footoear  on  a  conductive  floor  gave  a  value  of 
approximately  2000 pfip  compared  with  1200  -  I45OPMP  as  determined  by  a 
discharge  from  the  hand.  This  suggests  that  the  larger  offootive  oapaoit  snoe 
obluiiiuu  with  conducting  coridibions  is  Que  to  the  "feeding"  of  charge  from 
a  larger  capacitance  at  the  feet  by  virtue  of  tbs  decreased  resistance  at 
that  point,  to  the  smaller  capacitor  discharging  at  the  hand.  Under 
insulating  conditions  this  replenishment  process  is  controlled  by  a  smaller 
time  constant,  and  the  discharge  is  effectively  that  from  a  single  capacitor. 
Since  ignition  hazards  are  only  likely  under  these  insulating  conditions, 
corresponding  to  capacitances  loss  than  .100  pgP,  the  human  discharge  circuit 
is  therefore  adequately  represented  by  a  single  capacitor  discharging 
through  a  single  resistor  of  value  depending  on  the  area  of  skin  involved. 

The  resistance  results  are  of  interest  in  considering  the  question  of 
shock  from  the  a.e.  mains  supply.  Since  the  resistance  at  a  hand  can  be  as 
low  as  500  ohms  (moasursd  at  200  volts)  the  current  could  bo  as  high  as  O.5  A 
if  there  was  already  a- low  resistance  path  to-  earth.  One  can  readily 
understand  people  being  electrocuted  by  the  mains  supply  if  a  direct  earth  is 
made  for  example  with  a  wet  hand  on  a  metal  pipe.  If  the  latter  situation 
is  avoided,  safety  is  normally  assured  because  tha  person. is  wearing  insulated 
shoos  and  stands  on  an  insulated  floor-.  Por  antistatic  precautions  these 
latter  conditions  are  deliberately  altered,  and  to  avoid  shock  from  the  mains 
a  lower  limit  of  resistanco  is  placed  on  antistatic  floors  and  shoes  of 
50,000  ohias  (B.S.2050).  Thus  at  this  limit,  the  cuj.‘rent  could  be  about  5  mA. 
This  has  bear,  regarded  as  quite  safe  for  alternating  current  using  a  hand 
electrode  (4),  but  it  has  been  found  that  this  current  is  very  uncomfortable 
if  passed  through  the  finger  tip  only.  Usually  the  actual  leakage  resistance 
through  shoes  and  floor  is  considerably  higher  i“-an  this  and  there  is  little 
ohanoe  of  the  currejil  -eAuaculug  the  lowest  perceptible  amount  which  is 
approximately  1  mA.  However  it  can  be  seen  from  Table  6  that  combinations 
of  antistat;.o  floor  and  antistatic  shoes  can  give  rise  to  stored  energies  of 
twenty  ergs-  This  should  be  borne  in  mind  when  handling  primary  explosives 
and  eleotrically  initiated  stores  under  laboratory  or  inspection-room 
conditions  -where  antistatic  materials  aro  usad  rather  than  conductive  ones, 
due  to  the  possibility  of  mains  shook.  '.Then  there  is  little  risk  of  the 
latter,  the-n  conductive  fiooi-ing  ajid  shoes  should  he  used. 
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